Introduction
Brain tumor develops from glial or precursor cells. There are several types of brain tumors including astrocytoma, oligodendroglioma, glioblastoma (GBM), ependymoma, malignant and mixed glioma, and not otherwise specified (NOS). GBM is one of the neuroepithelial tissue tumors and sub-classified into gliosarcoma and giant-cell GBM. In adults, GBM occurs most commonly in the primary malignant brain tumor. In general, GBM represent 17% of all types of brain tumors including both primary and metastatic state. Adults from the age of 45 to 70 tend to be diagnosed with these tumors. The average age of death from brain and other nervous system cancer is at the of age of 64 years. GBM has an incidence of 3.19/100,000 in the US (1,2) and ~0.59-3.69 cases/100,000 are annually diagnosed worldwide (3) (4) (5) (6) (7) . It is one of the most devastating glial tumors that typically results in survival of only one-third of patients in the first year, and less than 5% beyond 5 years after diagnosis (8) . The median survival with GBM is ~12-15 months despite the aggressive surgical and conventional treatment (9, 10) .
Interleukin (IL)4 acts through a multi-unit transmembrane receptor, IL4R. The overexpression of IL4R has been observed in brain, head and neck, lung, pancreatic, prostate cancers, and AIDS-associated Kaposi's sarcoma (11) (12) (13) (14) , whereas normal cells including immune cells express a low number of this receptor (15, 16) . IL4R complex presented (in cells) are of two different types. Type I IL4R consists of IL4Rα and IL2Rγ chains; however, type II IL4R has IL4Rα and IL13Rα1 chains. The signal transduction through type I or II IL4R is mediated by two receptor chains (17) . It was also observed that the blockade of IL4R abrogates highly both hematogenous and lymphatic metastases in vivo and therefore, IL4R signaling pathway could be a target for inhibiting rhabdomyosarcoma tumor progression and metastasis (18) .
Although the detail biological function of IL4R expression on brain tumors is not clearly understood, based on previous studies, it seems that IL4R expression may play an important role in brain tumor development and be one of the potential candidate cell surface target proteins for a targeted diagnostic and therapy. As one of the novel approach for this purpose,
Development of a novel microbubble-liposome complex conjugated with peptide ligands targeting IL4R on brain tumor cells
peptide drugs have been applied to treat tumors with the high IL4R expression since peptides can be relatively easily synthesized by either biological recombinant method or chemical solid phase synthesis. In addition, costs for production are less than for antibody-based therapeutics (19) . IL4Rα has been previously reported to have high expression on the surface of a variety of human solid tumors such as renal cell carcinoma, malignant melanoma and GBM (20) . In the present study IL4R targeting peptide ligandconjugated liposomal microbubbles [(MBs)-Lipo doxorubicin (Dox)-IL4RTP] were prepared as ultrasound contrast agents, and to analyze the anticancer effect of the novel ultrasound contrast agents containing MBs in vitro in the cell line model of brain tumor, which is a clinically significant tumor to provide experimental proof of concept for specific ultrasound imaging of brain tumor at an early stage.
Materials and methods
Chemical reagents and antibodies. Dimethyl sulfoxide (DMSO), glycerol, glycine, sodium chloride, thiazolyl blue tetrazolium bromide, Trizma-base and Tween-20 were purchased from Sigma (St. Louis, MO, USA). IL4R targeting peptide ligand (sequence: CRKRLDRN) was from Anygen Inc. (Daejeon, Korea). Mouse anti-p53, mouse anti-PARP1, rabbit anti-IL4R and mouse anti-β-actin antibodies were obtained from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti-Bax (1:1,000 dilution), rabbit anti-phospho-p53 (Ser15), rabbit anti-p21 and rabbit anti-γH2AX antibodies were purchased from Cell Signaling Technology (Danvers, MA, USA). Goat anti-mouse and goat anti-rabbit horseradish peroxidase-conjugated IgG were obtained from Jackson ImmunoResearch (West Grove, PA, USA). ECL Western Blotting detection reagents were obtained from GenDEPOT (Barker, TX, USA).
Cell culture. U87MG, LN229, HS683, U138, MDA-MB-231 and H460 cells [all from American Type Culture Collection (ATCC); Manassas, VA, USA) were maintained in Dulbecco's modified Eagle's medium (DMEM) media supplemented with 10% fetal bovine serum and 1% streptomycin/penicillin at 37˚C in a humidified incubator containing 5% CO 2 in air.
Preparation of MB-Lipo complex.
The protocol for preparing of MB-Lipo complex was based on our previous study (21) . Thiol-active MBs (0.67 ml) (13 mg/ml, 1.2x1,011 MB/ml), derived from DSPE-PEG-PDP, were mixed with 2 ml thiolated Lipo (10 mg/ml) by shaking for 2 h at room temperature. The reaction was monitored to pyridine-2-thione releasing by UV-Vis spectra. The prepared Lipo still had an amine functional group on the surface, despite treatment with Traut's reagent, as shown by quantitative amine analysis. The 30 mg MB-Lipo dispersion aqueous solution (2 ml), containing an amine functional group, was reacted with sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-carboxylate (Sulfo-SMCC; 5 mg; Sigma-Aldrich) for 3 h at 25˚C after adjusting the pH ~8.2 with 1 M NaHCO 3 , to activate maleimide functional group. This particle solution was then linked to appropriate antibodies using a general conjugation procedure.
Dox loading into MB-Lipo. Dox (Sigma-Aldrich) was incorporated into Lipo particles by the thin-film hydration and remote-loading method with an ammonium sulfate gradient. Lipid film (21.1 mg) was hydrated with 2 ml ammonium sulfate solution (250 mM), and the liposomal suspension was sequentially extruded 5 times through polycarbonate filters with pore sizes of 200 nm. The ammonium sulfate was removed by centrifugation (5 min, 13,000 rpm). At this point, ammonium sulfate ions were located only inside of Lipo particles. The liposomal dispersion and 440 µM Dox (1:1, v/v) were mixed and incubated for 2 h at 60˚C. The mixture was washed to remove unloaded Dox, and the loading capacity of Dox in Lipo was determined by measuring the concentration of Dox in the supernatant by UV-Vis spectroscopy. LipoDox particles were then complexes with MBs as described above.
Preparation and characterization of MB-Lipo (Dox)-IL4RTP.
MB-Lipo (Dox) complex containing NH2 group was reacted with Sulfo-SMCC in phosphate-buffered saline (PBS; pH 8.2) for 2 h to introduce maleimide group outside the MB-Lipo (Dox) complex. Then, MB-Lipo (Dox)-maleimide was further conjugated with IL4R targeting peptide-thiol group in PBS (pH 7.5) for 2 h to produce MB-Lipo (Dox)-IL4RTP. For determining the conjugation reaction of the IL4R targeting peptide into MB-Lipo complex, analytical high-performance liquid chromatography (HPLC) was adopted. Using water symmetry C18 column (4.6x220 nm), the eluting solvent was used for the 40% acetonitrile. At flow rate of the solvent 0.8 ml/ min a single absorption peak at 250 nm was identified.
Confocal microscopy analysis. The same quantity of IL4R targeting peptide ligand conjugated MB (FITC)-Lipo (Cy5) were added to U87MG cells with or without ultrasound flash (Sonidel SP-100; Sonidel, Boston, MA, USA), and then observed using confocal laser scanning microscopy. U87MG cells were grown on glass coverslips. After incubation with MB (FITC)-Lipo (Cy5) for 3 h, cells were fixed with 4% paraformaldehyde for 10 min and permeabilized with Triton X-100 (0.5%). Slide culture chambers were washed with PBS. Cells were stained with 4',6-diamidino-2-phenylindole (DAPI; Sigma) to show the nuclei. Specific staining was visualized and images were captured with confocal laser scanning microscope (Zeiss LSM510 microscope).
WST-1 cell viability assay. A 200 µl aliquot of cells (1x10
3 cells in media) was added to each well of a 96-well plate and incubated for 18 h at 37˚C in a humidified incubator containing 5% CO 2 in air. After incubation, MB-Lipo (Dox)-IL4RTP was added with or without ultrasound flash (Sonidel SP-100) into each well for 48 h. Control cultures were treated with PBS. After incubation, a 20 µl WST-1 solution was added to each well and the incubation continued for 4 h. The visible absorbance at 560 nm of each well was quantified using a microplate reader.
Western blot analysis. Cells were washed with PBS and lysed in lysis buffer (50 mM Tris-HCl, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, pH 8.0) with protease and phosphatase inhibitors. Cell lysates were centrifuged (10,000 x g, 4˚C, 10 min) and the supernatants were separated on 6 or 10% SDS-PAGE gels and blotted onto nitrocellulose membranes (Bio-Rad Laboratories, Hercules, CA, USA). The membranes were blocked in 3% non-fat dry milk for 1 h at room temperature, and probed with appropriate antibodies. Membranes were then probed with HRP-tagged anti-mouse or anti-rabbit IgG antibodies diluted 1:5,000-1:15,000 in 3% non-fat dry milk for 1 h at room temperature. Chemiluminescence was detected using enhanced chemiluminescence (ECL).
Statistical analysis.
Results are expressed as arithmetic mean ± SEM (standard error of the mean). To compare the statistical significance between the groups, two-sided unpaired Student's t-test was used. All experiments were repeated three times and representative data are shown. Statistical analyses were performed using SPSS software (version 19.0; SPSS, Inc., Chicago, IL, USA). Mean differences with P-values <0.05 were considered to indicate a statistically significant result.
Results
Preparation and characterization of the MB-Lipo (Dox)-IL4RTP complex. The gas (SF6)-filled MBs were prepared by emulsion and solvent-evaporation method. The prepared MBs were further conjugated with Dox-loaded nano-sized liposome and peptide ligands to IL4R for targeting brain tumor cells (Fig. 1A) . The suspensions of the MBs in PBS appeared as milky white. Light microscopy revealed that the MBs were uniformly distributed with no visible aggregation. A single microbubble was round (Fig. 1C) . As shown in Fig. 1B , the particle size ranged from 1,295-1,468 nm with a mean of 1,000 nm for MB-Lipo-IL4RTP and 1,000 nm for MB-Lipo. HPLC data demonstrated the incorporation of IL4R targeting peptide into MB-Lipo complex (yield, 75.6%) (Fig. 1D) .
Targeting ability of MB-Lipo-IL4RTP in U87MG cells.
To select the most available brain tumor cell line with high expression of IL4R, we performed western blotting of IL4R in four brain tumor cell types (U87MG, LN229, HS683 and U138), one breast tumor cell line (MDA-MB-231) as positive control, and in one lung tumor cell line (H460). As shown in Fig. 2A , among brain tumor cell lines, U87MG cells had the highest expression of IL4R and H460 had 
Cell growth inhibition effect of MB-Lipo (Dox)-IL4RTP against U87MG cells.
For analysis of the effects of anticancer chemotherapy containing the ultrasound contrast agents to target cancer cells, and to evaluate the toxicity of the ultrasound contrast agents for ultrasound contrast media in the cells, WST-1 assay was performed (Fig. 3A and B) . The cell viability measurements of U87MG (high IL4R expression) with MB-Lipo (Dox)-IL4RTP (with IL4R targeting peptide ligands) were lower than MB-Lipo (Dox) (without IL4R targeting peptide ligands) (P<0.01) at the ultrasound strength of 0.8 and 1.0 w/cm 2 . However, the cell viability measurements of H460 (low IL4R expression) with MB-Lipo (Dox)-IL4RTP (with IL4R targeting peptide ligands) were almost the same as MB-Lipo (Dox) (without IL4R targeting peptide ligands) at the respective ultrasound strength of 0, 0.6, 0.8 and 1.0 w/cm 2 . These results suggest that MB-Lipo (Dox)-IL4RTP may play an essential role in inhibiting cancer cell growth in an IL4R dependent manner.
DNA damaging response-related cell cycle arrest induced by MB-Lipo (Dox)-IL4RTP in U87MG cells.
To examine the role of IL4R in MB-Lipo (Dox)-IL4RTP-induced DNA damaging response-related cell cycle arrest in U87MG cells, we incubated U87MG cells with MB-Lipo (Dox) with IL4R targeting peptide or MB-Lipo (Dox) without IL4R targeting peptide and analyzed the protein status of PARP1, Bax, phospho-p53 (Ser15), p53, p21 and γH2AX using western blot assays. MB-Lipo (Dox)-IL4RTP did not cause apoptosis in U87MG cells since PARP1 was not cleaved and Bax expression level was not changed. As shown in Fig. 4 , MB-Lipo (Dox)-IL4RTP significantly augmented phospho-p53 (Ser15) and γH2AX, two of the representative DNA damaging-related markers after ultrasound exposure in U87MG cells but MB-Lipo (Dox) could not affect them. In addition, MB-Lipo (Dox)-IL4RTP upregulated p53 and p21 expression that may activate cell cycle arrest. In contrast, MB-Lipo (Dox) did not change either p53 or p21 expression. Collectively, these results suggest that MB-Lipo (Dox)-IL4RTP may play an essential role in promoting IL4R-dependent cell cycle arrest after treatment and ultrasound exposure in U87MG cells.
Discussion
Ultrasound molecular imaging has great potential to impact early disease diagnosis, evaluation of disease progression and the development of target-specific therapy. In the present study, IL4R targeting peptide was conjugated onto the surface of microbubbles (MBs) to evaluate molecular imaging of brain tumors using U87MG cell line model. There have been studies on the high expression of IL4R in the various human solid tumors including brain tumors which promotes tumor development via upregulation of anti-apoptotic proteins and prevention of chemotherapy-induced cancer cell death. Thus, it would be a good therapeutic treatment to target IL4R on the brain tumor by developing a novel drug delivery system with IL4R targeted ligands. In addition, targeted therapy against cancer provides various biological advantages such as increase in the pharmacokinetic profile of drugs and minimization of the unexpected side-effect caused by the chemotherapy with high specificity.
In the present study, we designed an IL4R targeting peptide that was described as an atherosclerotic plaque and breast tumor tissue homing peptide screened by phage display screening method. According to the study using this peptide ligand (22) , polymer conjugated with IL4R targeting peptide could play an important role in increasing in vitro tumor-specific targeting and uptake efficiency in both H226 and MDA-MB-231 cancer cell lines, and has excellent homing and longer retention in tumor tissues in MDA-MB-231 xenograft mouse model. These results suggested that IL4R targeting peptide ligands can be adapted to a novel tool for selective delivery of therapeutic drugs to tumors.
As one of the clinically most challenging fields, brain tumor exhibits various distinct characteristics. One of the obstacles to cure brain tumor is the blood-brain barrier (BBB) that is a blockade that blocks not only the external infectious organisms, but also the treatment for disease from entering deeply into the brain (23) (24) (25) (26) (27) (28) . Thus, various studies have been developing possible approaches to enhance the penetration activity of the helpful pharmaceutical options through BBB. For this purpose, a new technique using ultrasound and MBs has been actively applied to degenerative brain disease and brain cancers, which can lead the drug-loaded MBs by the focused ultrasound to enter properly into the brain (29) . Recently, Wei et al reported that they had invented a novel liposomal formulation to overcome BBB conjugated with dual peptide ligands that are stable from protease in the blood using D-form amino acids. One of the peptide ligands was for nicotine acetylcholine receptors on the BBB and other ligands were for integrin highly expressed on both of BBB and tumor cells (30) . According to the above studies, their liposome loaded with doxorubicin (Dox) could effectively penetrate BBB and target brain tumor in vitro and in vivo.
Although we proved that our novel microbubble complex containing Dox-loaded nano-sized liposome can target brain tumor cells and inhibit tumor cell growth with IL4R-dependent manner, the present study still has a few limitations. First, the targeting ability of MB (FITC)-Lipo (Cy5)-IL4RTP to U87MG brain tumor cells was not performed by considering the real flow conditions in blood vessels since it may be important to reflect in vivo exposure of MB (FITC)-Lipo (Cy5)-IL4RTP to shear stress as well as the dose-dependence of MB (FITC)-Lipo (Cy5)-IL4RTP. Secondly, in vivo ultrasound imaging and therapeutic effect of MB-Lipo-IL4RTP should be assessed using both xenograft and orthotopic mouse models with brain tumor cell lines that have different levels of IL4R expression. In conclusion, the present study contribute to the effort of development of methodology to measure the contrast enhancement effect of the new ultrasound contrast agent to breast tumor, and to target the breast cancer cell line in vitro and in vivo studies. 
